ABSTRACT
Introduction
The metals used in dentistry are in the form of alloys, or mixtures of one or more metal. Alloys are advantageous compared with pure metals in physical and mechanical properties because of engineering the optimum influence from each constituent [1, 2] . The noble dental alloys have two or three major elemental constituents with the addition of minor elements to influence specific properties, such as the melting range, grain formation and corrosion resistance. In this context, the noble alloys may be considered in three groups: Au-Ag-Pd, low-gold alloys, including Pd-Ag and Pd-Ga, and no-gold alloys as PdCu-Ga [1] . The Au-Ag-Pd noble alloys are usually single phase, which may be hardened by solid solution strengthening. Likewise, the properties of this alloy group are generally good with acceptable strength and hardness but only moderate ductility [2] . Alloys can be joined by three similar processes: welding, brazing and soldering [3] . Welding is a joining process in which parent metals fuse and form the joint with or without a filler alloy [4, 5] . Welds in dentistry are often accomplished with a laser. The area adjacent to the fused metal is known as the "heat affected zone," in which partial recrystallization of the alloy is probable. A decrease in hardness is noted when measured across a welded joint as a result of recrystallization. Minimizing the duration and area of heating reduces the heat affected zone [1, 4] .
Data on laser welding of other dental alloys are sparse and relationship between the microstructure and corrosion behavior of Au based dental casting alloys has been studied. The use of electrochemical techniques in the corrosion study is important for the understanding of its performance, biocompatibility and biofunctionality, when clinically applied, for these are constantly exposed to aggressive environments [6] . Conventional potentiodynamic direct scanning (PDS) techniques are often used. These techniques apply polarization potential on the basic corrosion potential over wide potential range. The current measurements can provide informations about the corrosion resistance and susceptibility, such as corrosion rate, passivation range and breakdown potential [7, 8] . These results should be carefully considered since, with PDS, the information is not obtained in stationary conditions [8] . In rather passive systems with relatively low corro-sion rates (application of noble metals or systems with protective coatings), more reliable information can be usually gained from electrochemical impedance spectroscopy (EIS) measurements [7, 8] . Recently, PDS technique was implemented for the characterization of corrosion systems that may exhibit strong non stationary behavior, as in pitting corrosion, flow-induced corrosion and stress-corrosion cracking [9, 10] . Electrochemical impedance spectroscopy applies sinusoidal voltage signal of relatively small amplitudes (usually few tens of mV), therefore the conditions of the electrodes are only slightly disturbed [11] . Besides the general corrosion properties of an investigated system, specific information about underlying electrochemical mechanisms can also be obtained from the measured impedance spectra [8, 11] . The purpose of this work was investigate the corrosion resistance of AuPdAgIn alloy in 0.9% NaCl solution, simulating the oral environment conditions, before and after submitted to the laser welding process.
Experimental Part
The AuPdAgIn alloy is a specific material applied to dental purposes, such as the production of implant prosthesis and it is classified as extra-solid [12] , with chemical composition of the studied material (weight %), by wave dispersive spectroscopy (WDS) analysis: 54.00 ± 1.50 Au, 2.10 ± 0.06 Ag, 36.00 ± 1.10 Pd, 8.20 ± 0.77 In. Cylindrical test specimens, with 0.27 cm diameter and 1 cm length, were submitted to the welding process on butt joints [13] . The welding equipament, Dentaurum DL 20002S, uses a crystal Nd: YAG as source of laser, and the beam power was 5.84 kW in 12 milliseconds, originating a welding energy of, approximately, 70.08 J. The test specimens were manually placed in the chamber, with shield atmosphere of argon, and spots of lap welding, in approximately 2/3 of the surfaces, were applied in the whole section of the joint, with 60% of beam penetration. A precise cut disc model 15 HC DIAMOND was used to obtain the test specimens of AuPdAgIn alloy with area comprehending only the welding area, and a ISO-MET 1000-BUEHLER machine was used to separate the base metal from the welding area, after the laser process. The exposed geometric areas of the welded joint and of the base metal were 0.057 cm 2 . The metallographic analysis of the exposed surface of the base metal and the welding area was obtained with scanning electronic microscopy (SEM), after polished with 180 to 1000 grade emery papers and alumina with granulations of 1 m and 0.3 m. It was used nitromuriatic acid as chemical attack [12, 13] . The working electrodes were prepared from the test specimens used on the metallographic analysis. Measures of the open circuit potential (OCP) versus time were applied to electrochemical experiments, as well as potentiodynamic direct scanning (PDS) and electrochemical impedance spectroscopy (EIS). Electrochemical experiments were performed in a three-electrode cell containing 0.9% NaCl solution at room temperature, which are appropriate to simulate corrosion under oral environment conditions. It was utilized as counter electrode Pt foil and reference electrode a saturated calomel electrode (SCE). Potentiodynamic polarization curves were recorded at 1 mV·s (Figure 1(a) ) and laser weld (Figure 1(b) ). It can be observed that area of the base metal has a biphasic granular microstructure containing precipitates of Au. The laser weld presents a refined dendritical microstructure. The high speedy cooling imposed by the laser weld due to process of located fusion, followed by a fast cooling (3.02  10 3˚C ·s -1 ) during the welding, which does not allow the microstructure to return to its initial granular structure. Figure 2 illustrates the open circuit potential versus time curves for the base metal and laser weld areas of the Au-Pd-Ag-In. The stabilization of the potential value was observed 3 hours after immersion for both areas. The corrosion potential in the steady state does not show significant differences (0.35 V) for both curves. In the open circuit potential versus time curves can be observed an increasing of potential, suggesting the film formation on the metallic material immersed in electrolyte solution [14] . Several authors have described an improvement of corrosion resistance of Au and Pd (>5% content) in commercial gold-silver alloys immersed in chloride solution. On the contrary, Ag, In and Cu metals suffer preferential attack on this condition [15, 16] . Figure 3 shows the potentiodynamic polarization curves of metal base and welding areas. It can be observed a straight electroactive range. An extensive passivation range of +0.1 to +0.8 V (ECS) with a passive current variation (0.1 to 1 µA·cm -2 ) was observed for the metal base area. A corrosion potential of, approximately, +0.1 V was obtained for the welding area. This corrosion potential value was 50 mV higher than those for metal base area (+0.053 V). The passivity range was significantly ample range for both areas. However, it was obtained a lower passive current (0.01 to 0.1 µA·cm -2 ), indicating an improvement of corrosion resistance of the material, probably, due to microstructure of the welding area. In addition, a low current oscillation could be observed in the welding area from 0.3 to 0.4 V. In the potentiodynamic polarization curves was observed that behavior could be associate to an increase of passive layer thickness probably of AuCl 3 and posterior breakdown and repassivation [14] . For both situations, there was a breakdown of passive layer around +0.8 V without pitting corrosion. Brugirard, et al. have observed higher Ag dissolution rate than Pd using gold alloys based on silver-palladium in artificial saliva [17] . Meyer and Reclaru have reported the corrosion resistance of noble metal alloys for dental applications. They have investigated that the alloys for preparing full-metal crowns and bridges are somewhat less corrosion resistant than the newer alloys for the metal-ceramic technique. This difference is explained by the higher content of noble metals in the alloys for ceramic veneering, or by the relatively high content of non-noble metals (silver, copper, zinc) in the alloys for crowns and bridges. It was also observed that the presence of cadmium or nickel has a distinctive (and highly degradative) effect on the corrosion behavior, whereas base-metals such as In and Ga do not affect significantly the resistance to corrosion in the alloys for metal-ceramic veneering [18] . According to other studies in literature, alloys with high proportions of Au were resistant to corrosion due to their high thermodynamic stability. However, many studies found that the Au ions were released [19] .
Results and Discussion
The complex format of the impedance response obtained for AuPdAgIn alloy presents two distorted semicircles within the studied frequency range, Figure 4 . The diameter of each capacitive arc shows that the base metal area (Figure 4(a) ) has a higher corrosion resistance value than the laser weld joint, Figure 4(b) . Both of the impedance spectra were also influenced by a diffusion response, which can be observed by a straight line at low frequencies [6, 20, 21] . These spectra were fitted using the model of equivalent electrical circuit with two terms R(CPE) in series, indicating possible occurrence of at least two successive electrochemical processes. The non- ideal capacitances were modeled by CPE 1 and CPE 2 , can be correlated with metallic corrosion and formation of oxide film, respectively at high and low frequencies. These values oscillated between 1 -10 mF·cm -2 . The polarization resistance determined at low frequencies, R p2 (in parallel with CPE 2 ), was considerably higher for laser weld area (2 M·cm 2 ) than base metal (5 k·cm 2 ). Meyer and Reclaru observed that the polarization resistance reached values of order of M, using an alloy with approximately 40% of Au in its compositions [18, 20] .
Conclusions
The laser weld presented a refined dendritical microstructure while the base metal showed a biphasic granular microstructure. The potentiodynamic profiles were considerably similar to both areas observed. However, the area of the laser weld presented corrosion potential slightly superior when compared to the one of the base metal. In both cases, a response of linear impedance was observed at low frequencies, including a non-uniform diffusion. The values of R p by impedance suggest the best resistant corrosion behavior for laser weld.
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